Nidhi., Pectin and enzyme complex modified fish scales gelatin: rheological behavior, gel properties and nanostructure.Carbohydrate Polymers http://dx.(N. Bansal). Highlights: Pectin and MTGase have positive effect on the rheological and gel properties of gelatin MTGase could catalyze the pectin-fish scales gelatin complex formation AFM was used to observe the complex modified fish scales gelatin The complex modified fish gelatin could replace mammalian gelatin Abstract The rheological behavior, gel properties and nanostructure of complex modified fish scales gelatin (FSG) by pectin and microbial transglutaminase (MTGase) were investigated. The findings suggested that MTGase and pectin have positive effect on the gelation point, melting point, apparent viscosity and gel properties of FSG. The highest values of gel strength and melting temperature could be observed at 0.8% (w/v) pectin. Nevertheless, at highest pectin concentration (1.6% w/v), the gel strength and melting temperature of complex modified gelatin gels decreased. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) analysis revealed that MTGase catalyzed cross-links among soluble fish scales gelatin -pectin complexes, which could be responsible for the observed increase in rheological behavior, gel strength and melting temperature of modified complex gels.
Texture profile analysis (TPA)
TPA was measured using the Texture Analyser (Stable Micro System, Surrey, U.K). Gelatin solution was poured into a mold and matured at 10 °C for 16-18 h. Then gelatin gels were cut into dics of 2.2 cm in diameter and 1.5 cm in height at 10 °C. The gels were subjected to two cycle compression to 40% of its original height with a flat cylindrical probe (47 mm) at a speed of 1.0 mm/s. Hardness, brittleness, springiness, cohesiveness, adhesiveness, gumminess and chewiness of the samples were calculated from TPA curve according to the definition described by Sow & Yang (2015) .
Melting temperature
Melting temperature of gelatin was measured according to the method of Tu et al. (2015) . Gelatin solution (6.67%, w/v) was transferred in screw cap test tubes (12 × 75 mm) with some headspace, then closed and put at inverted position in 4 o C refrigeration for 16-18 h. The melting temperature was measured by the circulation in constant temperature water bath (CXDC-0510, Shun ma, Nanjing, China). The test tube was transferred into a water bath at 10 o C for 10 min. The water bath was warmed gradually at 0.5 o C/min. The melting temperature was recorded as the temperature at which a bubble started to move up to the headspace, each sample was analysed in triplicate.
Atomic force microscopy (AFM)
The samples solution were diluted to 0.667% (w/v). About 20 µL of each solution was pipetted rapidly onto a piece of freshly cleaved mica sheet that was stuck onto a 15 mm diameter AFM specimen disc. The mica surface was then naturally air-dried for about 24 h at room temperature and kept in a desiccator for at least 24 h before imaging. The nanostructure characterization of gelatin was carried out by Agilent 5500 atomic force microscope (Agilent,USA) . The tapping mode was used to characterize the nanostructure in air at ambient temperature. The resonance frequency: 330 KHz; force constant: 48 N/m was used. The scan speed was about 0.5-2 Hz.
Scanning electron microscopy (SEM)
Scanning electron microscopy of gels was acquired according to Pang et al. (2014) with some modification. Gelatin gels having a thickness of 2 -3 mm were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 4 h, dehydrated in ethanol with a serial concentrations of 30, 50, 70, 90 and 100% (v/v) for 20 min. Dried samples were pasted onto double-sided adhesive tape attached to a circular specimen stub. The microstructure of the gels was examined using a scanning electron microscope (FEI Deutschland GmbH, Germany) at an acceleration voltage of 5 kV.
Statistical analysis
All the experiments were conducted in triplicate and the data are reported as means values ± standard deviation (SD). Significant differences between means (p < 0.05) were studied by oneway ANOVA test using SPASS 19.0 (SPSS Inc., Chicago, IL)
Results and discussions

Analysis of rheological behavior
Temperature sweep
To evaluate the gel forming kinetics and gel mechanical stability, temperature evolution measurements were performed to monitor the development of storage modulus (G'), loss storage (G'') ( Fig. 1 and Fig. 2). Fig. 1A and B clearly show that the G' and G" values of the complex modified FSG were higher than those of both TG and control in the temperature range of 20 -40 o C and 5 -40 o C, respectively. Also steep increase in G' and G'' were observed as the temperature was decreased to 5 °C, before which they remained fairly constant at high temperatures. The increase in G' upon lowering the temperature to 5 o C is caused by triple-helix formation, meaning the formation of gel.
The gelatin gels are formed through the single-strand to triple-helix transition of gelatin chains via ionic interaction, hydrogen bonding, van der Waals forces, hydrophobic association and self-assembly (da Silva et al., 2015) . The complexity of junctions formation leads to various gel structures. During cooling and heating, there is a geometric point where G' and G" are in an equilibrium, and the crossover points of G' and G" on the cooling and heating curves are defined as gelation and melting point (Anvari & Chung, 2016) . Table 1 shows that the gelation point of complex modified fish gelatin increased as pectin increased from 0.2 to 1.6 % (w/v) and TG-P(0.8%) has highest gelation point as well as pig skin gelatin ( Fig. S1A) , demonstrating that MTGase and pectin have positive effects on the gelation temperature when used at proper concentrations.
With the increase of temperature during heating process, all of the complex modified gels showed thermoreversible behavior, and the values of G' and G" decreased upon rising temperature (as shown in Table 1 , the melting points were higher than gelation points for all gelatin gels due to the thermal hysteresis, which is a commonly observed indication of reluctance to the thermoreversible sol-gel transformation of a polymeric system. TG-P(0.8%) and pig skin gelatin showed the highest melting point. When the temperature increased above the gelation temperature, G' dropped abruptly towards zero, confirming the reversibility of single-strand-to-triple-helix transition. Therefore, rheological data clearly shows that addition of pectin and MTGase have a strong positive effect on the thermo-stability of modified FSG.
Frequencey sweep
As shown in Fig. 3A , the original gel exhibited the highest storage modulus among all samples, except TG-P(1.6%). Similarly, Bode et al. (2011) reported that the G' of modified tilapia gelatin by MTGase was lower than that of unmodified gels. The value of G' was closely related to the concentration of triple-helical residues (Joly-Duhamel, Hellio, Ajdari & Djabourov, 2002) . In this study, complex modified gelatin gels showed lower G' (except TG-P(1.6%)) than others, indicating that the formation of covalent bonds among soluble gelatin-pectin complexes catalyzed by MTGase would affect triple-helix formation. This was probably that the presence of covalent bonds limit the amount of consecutive sites essential for helix formation. Theoretically, G' could reach a plateau upon increasing time. Interestingly, in this study, all the G' increased with increasing frequency, which suggested that a high oscillatory shear may weaken the original gel structure. This observation is confirmed by evaluating tan δ values ( Fig. 3B) . When tan δ < 0.1, a confirmation of the solid state of gels is obtained (Moreira et al., 2014) . In this study, all the tan δ of gelatin gels were lower than 0.1, indicating good gel network or more solid-like nature of the gels. Gels with lower tan δ values resulted in stronger gels network. While, tan δ increased with increasing frequency without being 1 for all the gels, indicating a tendency toward weakening gel network behavior at higher frequencies.
Apparent viscosity
All the modified gelatin solution exhibited Newton behavior at low shear rates and non-Newton behavior at high shear rates (Fig 3C) . This phenomenon might be caused by the changes in gels dispersity, molecular shape and strength of intra-molecular chemical bonds upon various shear rates.
Generally, the apparent viscosity of gelatin increased with increasing pectin content, and TG-P(1.6%) exhibited highest viscosity, indicating that pectin and MTGase have positive effect on the viscosity of modified gelatin. However, this effect was labile, thus, a shearing-thinning was observed with further increase in the applied shear rates. This phenomenon corresponded to the disentanglement of intermolecular hydrophobic interactions as described by Liang et al. (2015) . Moreover, in comparison to only MTGase modified FSG, complex modified FSG seemed more efficient in increasing the initial apparent viscosity. For example, the viscosity of TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%) and TG-P(1.6%) at 0.01 s -1 were 13.96, 31.05,65.24, 544.16 and 6951.57 fold higher than that of control, respectively. And were 4. 49, 9.99, 20.99, 175.07 and 2336.48 folds higher than that of TG, respectively.
These may because that MTGase cross-linked fish gelatin -pectin soluble complexes form polymers with high molecular mass, as suggested by Jiang et al. (2016) .
Gel strength
Gel strength is an inherent structural feature of gelatin known as the rigidity factor for predicting its physical characteristic in actual application in food products (Kuan, Nafchi, Huda, Ariffin & Karim, 2016) . The gel strength of unmodified and modified fish gelatin is shown in Table 2 . Compared with original and the complex modified gelatin, MTGase modified gelatin showed the lowest gel strength value (p < 0.05). This was believed to be caused by the excessive formation of intramolecular covalent bonds induced by MTGase (Wangtueai, Noomhorm & Regenstein, 2010) . Interestingly, the gel strength was significantly increased as pectin levels increased from 0.1 to 0.8% (w/v) (p < 0.05), and then decreased as pectin concentration reached to 1.6% (w/v). TG-P(0.8%) exhibited the highest gel strength (523.89 ± 3.36 g) (p < 0.05). These results indicated that pectin at the optimum concentration showed an enhancing effect on the gel strength of gelatin gels. This is probably because pectin and gelatin could form complexes via electrostatic interaction, the charged pectin was introduced to alter the aggregation of proteins, with the electrostatic complexes acting as the building blocks for the gels.
Following, this gel network was then enhanced via covalent cross-linking among complexes induced by MTGase. Nevertheless, nanostructure and microstructure analysis suggested that more and larger complexes were formed as pectin content increased, and this might bury the binding sites and decrease the gel strength (TG-P(1.6%)).
Textural properties
The TPA tests differs from gel strength test for it can better imitate the actions applied to the gels by the tongue and teeth (Wangtueai et al., 2010) . The effects of MTGase and pectin on gel hardness are shown in Table 2 . The highest value of hardness (p < 0.05) was found in TG-P(0.8%), while TG gave lowest (p < 0.05). And the hardness values of complex modified FSG generally were increased as the concentration of pectin increased (p < 0.05). This was consistent with the results of gel strength.
Adhesiveness is defined as the work necessary to overcome the attractive forces between the product and a specific surface. Complex modification had stronger effect on adhesiveness than that of MTGase alone. Amongst all gels, TG-P(0.1%) showed the highest adhesiveness (p < 0.05).
Insignificant difference in springiness and cohesiveness were found among the gelatin gels (p > 0.05). Kaewruang et al. (2014b) reported that the bovine gelatin / phosphorylated fish gelatin in different ratios were similar in springiness and cohesiveness. Wangtueai, Noomhorm & Regenstein (2010) also reported that various concentrations of MTGase could not alter the springiness of lizardfish scales gelatin gels. Springiness is a perception of gel's "rubberiness" in the mouth, and is a measure of how much the gel structure is broken down by the initial compression. High springiness, requires more mastication energy in the mouth (Kaewruang et al., 2014b) . Cohesiveness is often used as an index of the ability of a gel to maintain an intact network structure. It indicates how well the product withstands a second deformation relative to its behaviour during the first deformation (Ganasen & Benjakul, 2010) .
The gumminess and chewiness were followed similar trend to hardness and were the highest in the gelatin gel with highest hardness (TG-P(0.8%)). This was similar with Kaewruang et al. 
Melting temperature
Melting temperature is one of the most important functional properties of gelatin beside gel strength, visco-elastic properties and gelling temperature (Pranoto, Lee & Park, 2007) . The melting temperature of gelatin gels are shown in Table 1 . Native fish gelatin extracted from bighead carp scales (26.63 ± 0.05 o C) showed lower melting temperature than that of pig skin gelatin gelatins (30.53 ± 0.15 o C), due to the differences in amino acid composition and molecular weight distributions (Karim & Bhat, 2009 ). All the modified fish gelatin showed higher melting temperature than original gels (p < 0.05). Moreover, it is worth noting that the melting temperatures of complex modified fish gelatin increased largely. TG-P(0.8%) had the highest melting temperature (31.16 ± 0.15 o C), which is higher than that of pig skin gelatin (30.53 ± 0.15 o C). These findings could be explained by considering the possible formation of supra-molecular structural network upon modification with MTGase. Pectin and fish gelatin could form soluble complexes by electrostatic interactions, and MTGase-catalyzed covalent bonds among soluble complexes could form higher molecular weight distributions (this could be explained by the results of AFM and SEM), which in turn contributed to the improved melting temperature. While, higher pectin content decreased the melting temperature, this was consistent with gel strength.
In this study, two different methods were used to measure melting temperature, and similar tendency was obtained. This indicated that MTGase and pectin had a positive effect on the thermal properties of fish gelatin. Melting temperature also determines the sensory quality of some food products in which gelatin is used (Muyonga et al., 2004) . It might be concluded that modified fish gelatin could be used to partly replace some other gelatins in food industry without significantly altering the texture.
AFM
AFM can be applied as a novel tool to help understand the underlying mechanism of changed properties of gelatin. Several studies have explored the nanostructure of native fish gelatin (Yang, Wang, Zhou & Regenstein, 2008) , physically modified fish gelatin (Farris et al., 2011) , and ultrasonic gelatin hydrolysis (Yu, Zeng, Zhang, Liao & Shi, 2016) . However, few studies have used AFM to observe the chemical modification of gelatin, especially complex modification.
Therefore, in this study, the gelatin's nanostrutural changes were analysed using AFM (Fig. 4) . Farris et al. (2011) reported that gelatin molecules could assemble into aggregates containing short segments. Interestingly, in this study, the original gel surface presented some voids. While, in general, the formation of void was less observed since the nanostructure of gelatin was coacervates and spherical aggregates. The gelatin nanostructure was related to the concentration (Yang & Wang, 2009), extraction method and experimentation (Yang et al., 2008) . Yang & Wang (2009) found that high concentration gelatin (from 1% to 6.67%) had fibril structure, however, for the low concentration gelatin, most of the structural morphology was spherical aggregates. Yang et al. (2008) reported that acid pretreated gelatin showed coacervates of dense matter with a large heterogeneity, alkaline pretreated gelatins presented both separate aggregates and annular pores. In this study, original gelatin showed more voids, indicating it showed the worst rheological behavior and weakest gel properties.
All modified fish gelatin gels showed no voids, but formed aggregates, and the amount of aggregates was significantly increased as pectin content increased. This is because gelatin is a flexible protein, which is able to form aggregates strongly via hydrogen bonds and electrostatic interaction with pectin (Doublier, Garnier, Renard & Sanchez, 2000) . Besides, small bamboo shoot and conglomerate structures were found in original pectin (Fig. S2) , indicating the heterogeneity of pectin as well as modified gelatin.
In contrast to MTGase modified fish gelatin, complex modified gelatin had more and larger aggregates on the surface. It was also found that the mean surface roughness parameters of mean roughness (Ra) was increased from 4 nm (TG) to 56 nm (TG-P(0.8%)). This indicated that the compatibility between pectin and gelatin was good. On increasing pectin content further, smaller but more aggregates could be found on the modified gelatin gel surface, also the Ra decreased to 18. The irregular separate aggregates in the various modification methods indicated that acid facilitates the swelling process and the results are consistent with the irregular physical properties.
Gel microstructure
To visualize the microstructure of the formed gels, scanning electron microscopy (SEM) was used to analyze the network structure at a submicron (SEM) level. As shown in Fig. 5 , the original gelatin gel has a much looser network and larger voids, compared with gels from modified gelatins. This concurs with the nanostructure observed with AFM. The microstructure of MTGase only modified gelatin gel presented less and smaller voids. However, the spherical structures are clearly visible on the surface of the complex modified gelatin, and these spheres are clustered or fused together to form nodules. In addition, as the pectin content increased, the size and number of nodules increased. This indicated that pectin and fish gelatin formed soluble complexes, and then MTGase induced the formation of cross-linking among these complexes in the gel structure. This was similar with the results of the complex modified nanostructure (Fig. 4) . Therefore, the arrangement and association of gelatin molecules in the gel matrix were governed by modified gelatin structure, which was mediated by the modification condition.
Conclusion
The results of this study demonstrated that complex modification of pectin and MTGase could be used to obtain fish gelatin with better rheological properties, higher gel strength and melting temperature. Rheological results showed that the enhancement of pectin could improve gelling ability and apparent viscosity of the complex modified FSG. However, modification could disturb the formation of triple helix, showing lower storage modulus (except TG-P(1.6%)). In particular, frequency sweep revealed that all the obtained gelatin gels can be classified as weak gels upon high frequency.
Gel properties analysis showed that TG-P(0.8%) possessed the highest melting temperature, gel strength and hardness. AFM and SEM revealed that MTGase-catalyzed covalent bonds among soluble fish scales gelatin-pectin complexes, resulted to significant changes in the nanostructure and microstructure of gels as well as in the morphology of their surface. As a conclusion, the addition of pectin could change the phenomenon that high MTGase induced thermal and gel properties were inconsistency, producing fish gelatin with higher gel and thermal properties than those of mammalian gelatin. Thus, the reinforced complex modified FSG gels formed suitable networking structure which may replace mammalian gelatin and are convenient means for a variety of applications in the food and pharmaceutical industries. Moreover, the complex modified fish gelatin should be studied further in applications, such as gelatin film and even release delivery systems. 
